Atom-probe tomography (APT) and first-principles calculations are employed to investigate the partitioning of Mo in the c(f.c.c.)-and c 0 (L1 2 )-phases in a model at. % superalloy. Mo is experimentally observed to partition preferentially to the c(f.c.c.)-matrix, which is consistent with the smaller value of the c(f.c.c.)-matrix substitutional formation-energy, with a driving force of 0.707 eV for partitioning as determined by first-principles calculations. Ni-based superalloys have been the subject of intense study for a number of years owing to their excellent hightemperature strength, and creep and corrosion resistance.
Their high-temperature strength and creep resistance are due primarily to strengthening by the Ni 3 Al-based c 0 (L1 2 )-precipitate-phase, which can accommodate substantial solute refractory elemental additions, Cr, Mo, W, Ta, Re, Ru, Hf, etc. 1, [3] [4] [5] The partitioning of elements to the c-(f.c.c.)-and c 0 (L1 2 )-phases, in Ni-based superalloys, determines the lattice parameter misfit at the coherent c/c 0 interface, which correlates strongly with the mechanical properties at high temperatures. 6 In the optimum composition ranges, refractory elemental additions improve c 0 -precipitate stability by decreasing the coarsening kinetics of the c 0 (L1 2 )-phase, while simultaneously providing solid-solution strengthening, which maintains the outstanding high-temperature performance during long-term service (10 000 h). 1 Mo is one of the common alloying elements in Ni-based superalloys and it has been shown to modify both the morphology and coarsening kinetics of c 0 -precipitates. [7] [8] [9] [10] [11] Phase composition measurements in a model Ni-Al-Mo-Ta superalloy, studied by atom-probe field-ion microscopy and transmission electron microscopy (TEM), demonstrate that Mo partitions preferentially to the c-phase. 2 In a TEM study, it was observed that increasing the Mo concentration from 2.0 to 7.9 at. % in Ni-Al-Mo model superalloys causes a change of the precipitate morphology from cuboidal-to spheroidal and a concomitant reduction in the coarsening rate. 10 The dramatic dependence of creep resistance on small variations in the Mo concentration in Ni-Al alloys has been attributed to different microstructural features: (i) solid-solution strengthening of the c-matrix; (ii) the reduction of the lattice parameter misfit between the c-matrix and c 0 -precipitates, which leads to spheroidal, nearly lattice parameter misfit free c 0 -precipitates. 2, 12 In this research, we investigate the site preference and partitioning behavior of Mo across the c/c 0 interface in a Ni-based alloy, employing both atom-probe tomography (APT) and first-principle calculations.
A Ni-6.5Al-9.9Mo at. % alloy was homogenized at 1448 K for 4 h, then water quenched to room temperature. Ingot sections were aged at 978 K under flowing argon for up to 1024 h, water quenched to room temperature, and micro-tip specimens were prepared for study by APT utilizing electropolishing. We employed a pulsed ultraviolet picosecond laser APT (Cameca, Madison, Wisconsin) at an evaporation rate of 0.04 ions pulse An APT reconstruction containing several c 0 -precipitates in a sample aged for 1024 h is displayed in Fig. 1(a) . The c 0 -precipitates are displayed employing iso-concentration surfaces of Al-10.43 at. %: the measured number density is 0.11 6 0.04 Â 10 22 m
À3
. A uniform distribution of spheroidal c 0 -precipitates is observed, implying that the c 0 -precipitates have a very small lattice parameter misfit with respect to the cmatrix. 10 The measured volume fraction of c 0 -precipitates is 17.78% 6 5.49%, in agreement with the equilibrium volume fraction value, / eq ¼ 16.86%, calculated using Thermo-Calc 13 with Saunders' thermodynamic database. 14 The concentration profiles across the c/c 0 interface, determined by the proximity histogram method, 15 are displayed in Fig. 1 The transition from the composition in the c 0 (L1 2 )-phase to that of the c(f.c.c.)-solid-solution matrix occurs in a distance of 2.63 6 0.02 nm, which is the interfacial width as calculated by a spline fit. 16 A partial radial distribution function (RDF) 17 at a given radial distance, r, is defined by
where hC X j ðrÞi is the average concentration distribution of element j around a given solute species, X; C 0 j is the overall concentration of element j (j ¼ Ni, Al, Mo); N k j ðrÞ is the number of j atoms in a spherical shell around the k th X atom that is centered at r; N k tot ðrÞ is the total number of atoms in this spherical shell; and N X is the number of X atoms in this volume. Figure 2 presents experimentally determined Al-and Mo-centered partial RDFs for the c 0 -precipitates. The Al-Al correlation is <1 at the first nearest-neighbor (NN) distance and is >1 at the second NN distance, while the Al-Ni correlation is the exact opposite. The opposite oscillations of AlAl and Al-Ni partial RDFs at the first two NN distances imply that the c 0 -precipitates exhibit L1 2 ordering. 18 Additionally, the partial RDFs for Al-Mo and Mo-Al profiles are very similar and exhibit values <1 at the first NN distance, which was anticipated for Mo substituting for Al on its sublattice sites in the c 0 (L1 2 )-phase. First-principles calculations were performed to confirm the atomic mechanism of partitioning behavior and site preferences of Mo solute atoms across the c/c 0 interface and to determine the thermodynamic driving force for the partitioning and substitution of Mo atoms across the c/c 0 interface. The calculations employed the plane-wave pseudo-potential total energy method with generalized gradient approximations, 19 as implemented in the Vienna ab initio simulation package (VASP), [20] [21] [22] using the projector augmented-wave potentials. 22 A plane wave cutoff energy of 300 eV and 8 Â 8 Â 8 Monkhorst-Pack k-point grids were utilized, and found to be sufficient to give fully converged results. The spin-polarized magnetic method was used in all the calculations, which converged to 2 Â 10 À5 eV atom
À1
, while residual forces converge to 0.005 eV nm
. The calculated lattice parameter of the relaxed Ni 3 Al(L1 2 ) structure was determined to be 0.348 nm, in very good agreement with the room temperature experimental value of 0.357 nm. 
FIG. 2. Experimental partial RDF vs. radial distance, r, out to the seventh nearest-neighbor distance in a c
0 -precipitate for Ni-6.5Al-9.8Mo at. %, after aging for 1024 h at 978 K. The partial RDF values <1 and >1 at the first NN distances for the Al-Al, Al-Mo, and Al-Ni plots establish the presence of L1 2 -order.
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Tu, Mao, and Seidman Appl. Phys. Lett. 101, 121910 (2012) the [100] direction. The interfacial surface is 2 Â 2 cells. The supercell was divided by a (100) interfacial plane, and the two halves of the supercell were occupied by the c(f.c.c.)-Ni and c 0 (L1 2 )-Ni 3 Al phases, respectively. Every Ni atom on the c(f.c.c.)-Ni side of the interface was treated as a potential substitutional site for the Mo atoms, while on the Ni 3 Al side, the Ni and Al sublattice sites were treated as distinguishable substitutional sites. To ensure coherency of the (100) c/c 0 interface, the structures on either side of the interface were relaxed within the constraints of the Ni 3 Al(L1 2 ) crystal structure, which converged to 2 Â 10 À5 eV atom À1 , while the residual forces converged to 0.005 eV nm
À1
. The substitutional formation energies of Mo as a function of distance from the (100) interfaces were calculated employing,
where M is Ni or Al, E tot is the total energy prior to substitution, E tot Mo;c0 and E tot Mo;c are the total energies when Mo partitions to the c 0 -precipitate or c-matrix phase, respectively, and n i (i ¼ Ni, Al, Mo) is the number of atoms (for this calculation, n i ¼ 1). The chemical potentials per atom of the pure bulk elements l i were calculated by assuming the same cell symmetry and were determined to be À6.538, À4.195, and À10.378 eV atom À1 for Ni, Al, and Mo, respectively. . Table I lists the calculated total energies of the relaxed structures, E tot , and the site substitutional energies, E Mo!Ni and E Mo!Al , which are defined as
The site-substitutional energies of Mo at the Al sublattice sites, 0.792 eV atom
, are significantly smaller than at the Ni sites, 1.072 eV atom
, Table I, confirming that Mo prefers to occupy the Al sublattice sites of the Ni 3 Al (L1 2 ) structure, which is consistent with our experimental partial RDF results. Our prior studies of site substitution of Cr, Ta, Re, and Ru in c 0 (L1 2 )-precipitates, employing methods similar to those used herein, demonstrated that these substitutional elements also occupy the Al-sublattice sites of the c 0 -phase.
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The average atomic displacements and forces at the first NN distance associated with the local strains and stresses resulting from the site substitution of Mo at the Ni or Al sublattice sites are displayed in Table I . The average atomic displacements and forces are found to be smaller for substitution of Mo at the Al sublattice sites, providing supporting evidence that Mo prefers to occupy the Al sublattice sites of the L1 2 structure. We conclude, that Mo partitions strongly to the c-matrix-phase in a Ni-6.5Al-9.9Mo at. % alloy because the values of the site substitutional energies of Mo are smaller in the c(f.c.c.)-phase than in the c 0 (L1 2 )-phase. Additionally, the APT experimental results and first-principles calculations demonstrate that Mo substitutes preferentially on the Al sublattice sites in the Ni 3 Al (L1 2 ) crystal structure. 
